Abstract In this paper, we report the effect of skullcap (Scutellaria baicalensis Georgi) root (SR) and buckwheat (Fagopyrum esculentum Moench) husk and stalk (BH and BS) extracts on lipid organization and fluidity of model membranes, examined by monitoring of the thermotropic phase transition of dimyristoylphosphatidylcholine (DMPC) with differential scanning calorimetry, attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) and fluorescence spectroscopy. Despite the very high biological activity of these extracts, such a study has not been undertaken previously. Calorimetric results on the thermotropic parameters of DMPC membranes suggest that BH and BS extracts modify them to a greater extent than SR. Fluorescence and ATR-FTIR results confirm that the compounds contained in the SR extract concentrate in the hydrophilic area of the DMPC bilayer, causing an increase in the order of the polar heads of the lipid, and they do not penetrate the hydrophobic area. Compounds contained in the BS and BH extracts also concentrate in the hydrophilic area of the bilayer; however, they partially affect the hydrophobic-hydrophilic interface of the bilayer as well as the upper part of the acyl chain region.
Introduction
In both the pharmaceutical and food industries, the interest in substances of natural origin is increasing, because such substances are very good antioxidants due to their polyphenolic composition. They reduce or prevent the harmful effects of free radicals in the body and thus inhibit development of certain diseases, such as Alzheimer's disease, Parkinson's disease and cancer [1] . Plants known to have a wide range of health-supporting activity are used to obtain extracts of known polyphenolic composition-those extracts can be used, for example, as nutraceuticals.
Such are the extracts that we have newly obtained from skullcap (S. baicalensis Georgi) root (SR) and buckwheat (Fagopyrum esculentum Moench) husk and stalk (BH and BS). Both plants have been known and used for a very long time, and their composition and therapeutic effects are described in the literature. Thanks to the biological properties of its components [2] , the skullcap, in addition to its antioxidant properties [3] [4] [5] , also has anti-inflammatory [6, 7] , antimicrobial, antiviral [8, 9] and anticancer properties, inhibiting the proliferation of the following tumor cell lines: THP-1 and L1210 murine leukemias, HOS osteosarcoma, SK-MES-1 of lung cancer and SCC-25 of head and neck cancer [10] [11] [12] [13] . Its roots have been used for detoxification of toxins, reducing the total cholesterol level and lowering blood pressure. This herb also possesses cholagogic, diuretic and cathartic actions [6, 14, 15] .
Buckwheat also has antioxidant and antibacterial properties [16] . Because buckwheat grains are rich in starch, proteins and fiber, they are added to many foods, such as bread and pasta-in order to increase the healthy properties of the food [17] [18] [19] [20] [21] [22] [23] . Buckwheat husk exhibits anticancer properties in relation to different lines of cancer cells [24] . Sprouting seeds can lower blood pressure and protect the arterial endothelial cells against oxidative stress [25] . This plant is rich in polyphenols, including the flavonoids rutin, orientin, vitexin, quercetin, isovitexin and isoorientin. In connection with such a wide range of healthy activities, efforts are undertaken to apply the most important ingredients of buckwheat in supportive therapy in many diseases. Among these antioxidant components, rutin was recognized as the most health protective, and it has also been proven to be anti-inflammatory and anticarcinogenic [26, 27] .
The surface of the lipid bilayer is the place where processes related to the transfer of information and control of key processes occur, such as cell activation and immunological recognition. Therefore, alteration of lipid bilayer properties may result not only in antioxidant action of flavonoids but also in affecting the activity of integral proteins and hence influence transport and other membrane-related processes [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . The ability of polyphenols to penetrate into lipid bilayers is undoubtedly crucial to the protection against oxidation [42] . It has been suggested [43] that polyphenols that partition in the nonpolar region of the bilayer can inhibit the propagation of lipid oxidation by intercepting intra-membrane radicals and/or by increasing membrane fluidity, which hinders their propagation. Therefore, it is essential to examine the effects of the extracts from the root of skullcap, as well as stalks and husks of buckwheat, on the fluidity of the membrane and to determine the likely location of the polyphenol extract components in the bilayer.
In our earlier study, we demonstrated that these plant extracts are effective in preventing lipid peroxidation in membranes (comparable to or slightly higher than Trolox). Additionally, the tested substances have high anti-inflammatory activity and cause an increase in osmotic resistance of erythrocytes, making them less sensitive to changes in osmotic pressure [44] [45] [46] [47] .
To complement the above study, the research presented in this paper was conducted, the aim of which was to analyze interactions of extracts of S. baicalensis Georgi (skullcap) and F. esculentum Moench (buckwheat) with the phosphatidylcholine bilayers, and specifically to determine the effect of aforementioned extracts on thermotropic phase behavior of lipids.
The effects of plant extracts on thermotropic phase behavior of lipids were studied using three methods: differential scanning calorimetry (DSC), steady-state fluorimetry and attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR). These methods allowed us to track the changes caused by the action of the polyphenolic extract components in different areas (at different levels) of the bilayer. As a model, we used liposome multi-and unilamellar vesicles formed of dimyristoylphosphatidylcholine (DMPC). This model is very well described in the literature and is known for allowing relatively easy analysis of changes in physical parameters of membrane induced by additional components [28, 29, [34] [35] [36] .
Experimental Materials
Scutellaria baicalensis Georgi, genus: Scutellaria (skullcap), and F. esculentum Moench, genus: Fagopyrum Mill (buckwheat), were harvested from an experimental field of the Garden of Medicinal Plants Herbarium of the Medical University of Wrocław, Poland. Extracts of skullcap root (SR) and buckwheat husk (BH) and stalk (BS) were obtained from the Department of Fruit, Vegetable and Cereal Technology, Wrocław University of Environmental and Life Sciences. Polyphenols were isolated from skullcap root and buckwheat husk and stalk using the method described by Gąsiorowski et al. [48] . The 1,2-dimyristoyl-snglycero-3-phosphatidylcholine (DMPC) was purchased from Sigma-Aldrich, Steinheim, Germany. The fluorescent probes 6-dodecanoyl-2-dimethylaminonaphthalene (Laurdan), 1,6-diphenyl-1,3,5-hexatriene (DPH) and 1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene ptoluenesulfonate (TMA-DPH) were purchased from Molecular Probes, Eugene, Oregon, USA.
Methods

Preparation of samples
As the biological membrane model, we used uni-and multilamellar liposomes formed from DMPC in accordance with the following procedure: DMPC was dissolved in chloroform, and then ethanol-dissolved extracts of BS, SR and BH were added. Chloroform and ethanol were very carefully evaporated to dryness under nitrogen, and a thin lipid film was formed on the flask wall. Samples were left in a vacuum pump for at least 2 h, after which distilled water was added and the lipid film was washed away from the flask wall using a mechanical shaker. The shaking was conducted at a temperature above the main phase transition of the lipid, until all the lipids created a homogeneous milky suspension of multilamellar vesicles (MLVs) [49] .
Small unilamellar liposomes were obtained by sonicating pure DMPC MLVs using a Sonics VCX750 sonicator (Sonics and Materials, Inc.).
Differential scanning calorimetry
DSC studies were performed as described previously [49] . Samples for DSC were prepared from MLVs of DMPC.
The final concentration of lipids was 25 mg cm -3 . The prepared MLVs of pure lecithin (control sample) and lecithin with extracts were placed in Mettler Toledo standard aluminum crucibles of 40 ll capacity. Tightly closed vessels were incubated for 2 days at 4°C. The measurements were performed with Mettler Toledo Thermal Analysis System D.S.C. 821
e , operated at a heating rate of 2°C min -1 from 5 to 30°C. Thermal cycles were repeated three times. The experimental error in temperature and thermal response was ±0.2°C and ±5 %, respectively. The data were analyzed using original software provided by Mettler Toledo. An empty crucible was used as the reference, and the temperature scale was calibrated with indium.
Fluorescence spectroscopy
The effect of extracts of SR, BS and BH on phase transition of model membrane was also examined using the fluorimetric method described in our previous work [50, 51] , with a few minor modifications. Samples for steady-state fluorimetry consisted of small unilamellar vesicles (SUVs) with DMPC.
Fluorescent probes (Laurdan, DPH and TMA-DPH) were added to SUVs, and after that samples were incubated for 15 min in darkness at room temperature. Then a solution of extracts was added, and samples were incubated for 30 min.
Control samples contained a lipid suspension with a suitable fluorescent probe (concentration of 10 lM), and the appropriate extract (concentration of 0.03 mg cm -3 ) was added to the remaining samples. Measurements were made at different temperatures-above and below the main phase transition of DMPC. Thermal cycles (10-32°C) were repeated three times.
The measurements were conducted with a CARY Eclipse fluorimeter (VARIAN) equipped with a Peltier temperature controller DBS (temp. accuracy ±0.1°C). The excitation and emission wavelengths for the DPH probe were k ex = 360 nm and k em = 425 nm, whereas for the TMA-DPH probe they were k ex = 358 nm and k em = 428 nm, respectively. The excitation wavelength for Laurdan was 360 nm, and the emitted fluorescence was recorded at two wavelengths: 440 and 490 nm.
Fluorescence anisotropy (A) for the DPH and TMA-DPH probe was calculated using the formula A ¼ ðI II À GI ? Þ=ðI II þ GI ? Þ; where I II and I \ are fluorescence intensities observed in directions parallel and perpendicular to the polarization direction of the exciting wave, respectively. G is an apparatus constant dependent on emission wavelength. Changes in the polar group packing arrangement of the hydrophilic part of the membrane were investigated using the Laurdan probe, on the basis of generalized polarization (GP), and were calculated with the formula GP ¼ ðI g À I l Þ=ðI g þ I l Þ; where I g and I l are the fluorescence intensities at the gel and fluid phase, respectively [52, 53] .
Attenuated total reflectance Fourier transform infrared spectroscopy
The method was applied as described earlier by BonarskaKujawa et al. [38] with a few minor modifications. The experiments were performed with DMPC liposomes (MLVs). IR spectra of a 70 mM lipid suspension were taken. The extract concentration was 8 mg cm -3 . Measurements were performed using a Thermo Nicolet 6700 MCT spectrometer (Thermo Fisher Scientific, Waltham, MA) with ZnSe crystal at a heating cycle from 4 to 34°C. Each single spectrum was obtained from 128 records at 2 cm -1 resolution in the range of 700-4000 cm -1 . Preliminary elaboration of a spectrum was done using the EZ OMNIC v 8.0 program, also by Thermo Nicolet. After filtering the noise out of the extract spectrum, the spectrum of the water solution was removed and the baseline was corrected.
In the obtained spectra, we examined four bands:
• 3000-2800 cm 
Results and discussion
Interaction of skullcap (S. baicalensis Georgi) root (SR) and buckwheat (F. esculentum Moench) husk and stalk (BH and BS) extracts with DMPC membranes was investigated by means of DSC, fluorimetry and infrared spectroscopy.
Using DSC, we examined the heat signal associated with the lamellar gel phase (L b ) to ripple phase transition (P b 0 )-T p (temperature of pretransition)-and with the ripple phase to fluid lamellar phase transition (L a )-T m (temperature of main phase transition)-of lipids. In the temperature range T p -T m , an intermediate phase is observed, where bilayers are modulated by a ripple phase. The effect of SR, BS and BH extracts on the phase transition of DMPC, determined in a DSC experiment, is shown in Fig. 1 . The measured transition temperatures and enthalpies for pure DMPC are in good agreement with literature values (Table 1) [54] .
In the studied range of concentrations (0.01-5 mg cm -3 ), the investigated extracts practically did not affect the temperature of the main phase transition of MLVs formed from DMPC ( Fig. 1; Table 1 ), but the peak of the main transition of DMPC slightly broadens and becomes asymmetric with increasing concentration of compounds (Fig. 1) . Although the differences are not large, it is noticeable that the investigated extracts influence thermotropic parameters of the lipid bilayer in a slightly different way. For the SR extract at higher concentration, the peak of the main transition becomes asymmetric (Fig. 1a) -with a small gibbosity on the right side of the main peak. Such a split of the main peak may suggest that the system is not uniform-there are areas of lower and higher concentration of SR extract components. These results may also indicate the coexistence of various phases with different compositions. Additionally, the enthalpy of the main phase transition marginally decreases, and at the highest concentration of extract, the pretransition is abolished completely. Small shifts of T m toward higher temperatures with minute changes in DH and increase in DT 1/2 as well as disappearance of the pretransition only at the highest concentration of the extract may suggest that components of SR do not disturb the bilayer and only slightly modify lipid bilayers remaining in the gel phase.
BS and BH extracts, similar to SR extract, do not greatly change the T m , but the enthalpy of the phase transition decreases with their increasing concentration. The main peak broadens and blurs, which is apparent particularly in the case of the BH extract. At the same time, we observed that this extract abolished the pretransition at a lower concentration than the SR extract (Fig. 1b, c) . Since the pretransition is a result of changes in acyl chain packing, its perturbations and/or vanishing indicates that the extracts may influence the structure of the lipid bilayer. On the other hand, compounds that are incorporated into the polar-nonpolar region of the lipid bilayer abolish the DMPC pretransition even at low concentrations [32] .
Analyzing the influence of all the extracts on the thermotropic parameters of DMPC membranes, it can be concluded that BH and BS extracts modify them to a greater extent than SR, which may suggest that components of SR establish themselves in the vicinity of the polar heads of phospholipids and do not disturb the fluidity of the bilayer.
Similarly small changes in thermotropic parameters were observed for the other extracts investigated by us [38] [39] [40] [41] [42] [43] [44] .
The effects of SR, BS and BH extracts on phase transition of a model membrane were also analyzed using three probes: Laurdan, TMA-DPH and DPH. These fluorescent probes were used to monitor effects at different bilayer depths and to obtain additional information about the location of the components of SR, BS and BH extracts in DMPC bilayers.
Laurdan becomes located in the hydrophilic-hydrophobic interface of the bilayer. Its fluorophore takes a position near the phospholipid glycerol groups and is sensitive to polarity changes and dynamic properties at the membrane lipid-water interface [53, 55] . Polarity changes are shown by shifts in the Laurdan emission spectrum, which are quantified by calculating the generalized polarization (GP). When the lipids are in a gel phase, the emission maximum of Laurdan is centered at 440 nm, and when the lipids are in a liquid crystalline phase, the emission maximum is at 490 nm. This spectral shift is the result of a dipolar relaxation of Laurdan to the lipidic environment. The origin of this dipolar relaxation has been attributed to a few water molecules present in the bilayer at the level of the glycerol backbone [53, 55] . The calculated values of general polarization (GP) for DMPC liposomes as a function of temperature are shown in Fig. 2 . Both BS and BH significantly reduced values of GP. The BH extract significantly reduced values of GP, BS practically did not change it, whereas SR increased it. The decrease in the GP coefficient indicates that more water molecules are incorporated at the level of the glycerol backbone. This shows that the BH extract lowers packaging of lipid molecules in the polar range of the bilayer. The effect of the SR extract is opposite: both in the gel phase and in the fluid phase, an increase in the GP coefficient was observed compared to the pure DMPC, which may indicate that components of the SR extract locate in the polar range of the bilayer and therefore the bilayer becomes less fluid. These results are in agreement with DSC measurements where a slight increase in T m was observed at the concentration of 0.03 mg cm -3 . The effect of SR, BS and BH extracts on the fluidity and main phase transition of SUVs formed of DMPC was studied on the basis of anisotropy measured with the DPH and TMA-DPH probes. While DPH is supposed to distribute in the hydrophobic bilayer, TMA-DPH is anchored at the hydrophobic-hydrophilic interface of the bilayer and fixed in the outer region of the acyl chains [56] . Both probes were sensitive to the DMPC phase transition, showing an important decrease in fluorescence anisotropy at temperatures around 24°C (Fig. 3) . Steady-state fluorescence anisotropy is primarily related to restriction of rotational motion of a dye in the hydrocarbon chain region. Therefore, a decrease in the anisotropy parameter can be explained by a structural perturbation of the bilayer hydrophobic region due to incorporation of a compound [56, 57] . The dependence of fluorescence anisotropy of the DPH probe on temperature is presented in Fig. 3a . The presence of investigated extracts of 0.03 mg cm -3 concentration practically does not change the temperature of the main phase transition of DMPC. The SR does not change the value of the anisotropy of fluorescence, whereas BH and BS slightly increase this value, but only in the fluid phase. This may indicate a decrease in mobility of the acyl chains. The values of fluorescence anisotropy of TMA-DPH in SUVs as a function of temperature are presented in Fig. 3b . The SR extract practically does not change T m of DMPC, but the value of anisotropy slightly increases, both for gel and for fluid phases. This may signify increased ordering of the lipid bilayer. It is interesting that in the presence of BS and BH extracts, the anisotropy of the gel phase diminishes, whereas the anisotropy of the fluid phase fractionally increases, which may suggest that fluidity of the membrane slightly increases at temperatures below T m . These results imply that the investigated compounds, especially BS and BH, significantly influence the fluidity in the hydrophobic region of the lipid bilayer, i.e., in the area of hydrocarbon chains.
The results obtained in studies with fluorescence probes indicate that the compounds contained in the SR extract concentrate in the hydrophilic area of the DMPC bilayer, causing an increase in the order of the polar heads of the lipid, and they do not penetrate the hydrophobic area. Compounds contained in the BS and BH extracts also concentrate in the hydrophilic area of the bilayer, but they partially affect the hydrophobic-hydrophilic interface of the bilayer as well as the upper part of the acyl chain region of the bilayer. Accuracy of temperature measurement is ±0.2°C In order to obtain more detailed information about molecular mechanisms of interaction of SR, BS and BH extracts with membranes at higher concentrations of these substances in different phases of DMPC bilayers, the ATR-FTIR method was employed.
The infrared spectra of phospholipids can be divided into spectral regions that originate from the molecular vibration of the hydrocarbon tail, the interface region and the head group. The most intense vibrations of lipid systems are the CH 2 stretching vibrations, and these give rise to bands in the 3000-2800 cm -1 region. The frequencies of this group of alkyl chains depend on mobility (fluidity) of the chains and increase, e.g., with increasing temperature or during transition from the gel to the liquid crystalline state. The increase in the wavenumber of these bands testifies to an increase in liquidity of the hydrophobic part of the membrane [58] [59] [60] .
Dependence of the symmetric and asymmetric CH 2 stretching vibration in pure DMPC and extract-doped DMPC liposomes as a function of temperature is shown in Fig. 4a, b . SR does not change the main phase transition of DMPC; the frequencies of the CH 2 group lipid-SR system are practically the same as for the pure lipid for all phases of the bilayer. BS and BH extracts change the frequency of vibrations of methylene groups of acyl chains of DMPC. BS causes an increase in the wavenumber for the ripple (P b 0 ) and liquid phases (L a ); thus, the presence of the BS extract slightly lowers T m and decreases bilayer fluidity, which is in agreement with the DSC results.
The most pronounced changes in frequencies of CH 2 of acyl chains of DMPC were observed in the presence of the BH extract in phases P b 0 and L a . The value of the wavenumber for L b and P b 0 is greater than for pure DMPC or DMPC modified with other investigated extracts but lower than for the L a phase. This may indicate that BH components modify the lipid bilayer in the gel phase by increasing its fluidity and abolishing the sharp phase transition from the gel phase to the liquid crystal phase. This is supported by the broadening (or even blurring) of the main transition peak observed in DSC measurements (Fig. 1b) .
Spectral modes arising from the head group and interfacial region can also provide valuable information. The C=O band is very useful for probing the interfacial region because in the structure of DMPC, ester groups are located between polar and non-polar interfaces. Any change in the structure of a lipid molecule can be monitored by analyzing this sensitive interfacial region. Examining the C=O stretching band provides information about the strength of hydrogen bonding. The changes observed in carbonyl (1760-1700 cm -1 ) bands indicate changes in the degree of hydration of carbonyl groups [58] . In DMPC, there are two bands because of two ester carbonyl groups in the molecule: one around 1742 cm -1 with a trans-conformation in the C-C bond and the other one around 1728 cm -1 [58] . However, for hydrated samples, we observed only one broad band contour with a mid-point around 1735 cm -1 and divided into two subcomponents. The low-wavenumber subcomponent reflects the contribution of a subpopulation of hydrogen-bonded carbonyl groups, while the high-wavenumber one arises from free (non-bonded) groups [58] . The relationship of the maximum position of the vibration of the C=O band at different temperatures in pure and extract-doped DMPC liposomes is shown in Fig. 4c . A slight shift of frequencies of ester groups can be observed for lipids with the BS extract. That change in the spectrum appears to be due to direct interaction between a component in the BS extract and the carbonyl group of lipids and may be the result of hydrogen bond formation between OH groups of polyphenols and oxygen of the ester bond of lipids [38] . The ester group can bind one molecule of water, while the phosphate group can bind a few. The changes observed in phosphate (1300-1000 cm -1 ) bands testify, therefore, to changes in the degree of hydration of these groups. The relationship of the maximum position of the vibration of the PO 2 band at different temperatures in pure and extractdoped DMPC liposomes is shown in Fig. 4d . Similarly as in the case of the carbonyl group, here we also distinguished two spectrum components attributed to a different degree of hydration of the bilayer. Although the SR extract does not practically change the vibrational frequencies of the PO 2 group, it can be observed that the wavenumber is lowered for BH. This shift of phosphate group bands may indicate that water-driven hydrogen bonds are created between those groups and components of the BH extract.
The frequency of vibration of the methyl groups of the choline part (trimethyl ammonium) depends on the medium and grows slightly when its viscosity decreases. In addition, in the band of N-C (970 cm -1 ) vibrations of choline groups, a decrease in the frequencies was observed for BS extract (Fig. 4e) , which suggests increased hydration. These results are in agreement with fluorimetric measurements.
Our results obtained with independent methods clearly show that all investigated extracts interact with lipid bilayers. They change the thermotropic properties of liposomes formed from DMPC, but not in the same way. The greatest changes were observed in the case of BH and BS extracts. Compounds contained in these extracts not only disturb the polar region of the bilayer but also influence the hydrophobic region, which is particularly apparent for BH. Such effects can be attributed to the fact that the investigated extracts consist of many different compounds, the majority of which are derivatives of quercetin. Our results are in agreement with earlier research on the influence of selected polyphenols, e.g., quercetin, on model membranes [28-30, 36, 41, 61] .
In our preliminary examination, it was found that the SR extract is more effective in protecting the erythrocyte membrane against oxidation by UVC than BH and BS extracts [44] [45] [46] [47] . This may be attributed to the fact that components of the SR extract locate in a different area of the bilayer than components of BS and BH extracts.
Conclusions
We have reported the effects of SR, BH and BH extracts on lipid organization and fluidity of model membranes, examined by monitoring the thermotropic phase transition of DMPC with different methods (DSC, ATR-FTIR and fluorescence spectroscopy). To our knowledge, this is the first study to report the interaction of SR, BH and BS with a DMPC model membrane.
All investigated extracts interact with the lipid bilayer. They change the thermotropic properties of liposomes formed from DMPC, although not in the same way: the greatest changes were observed in the case of BH and BS extracts. The compounds contained in the SR extract concentrate in the hydrophilic area of the DMPC bilayer, causing an increase in the order of the polar heads of the lipid, and they do not penetrate the hydrophobic area. Compounds contained in the BS and BH extracts also concentrate in the hydrophilic area of the bilayer, but they partially affect the hydrophobic-hydrophilic interface of the bilayer as well as the upper part of the acyl chain region of the bilayer.
